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Description

Field of the Disclosure

[0001] The present disclosure relates generally to
medical device systems; and more particularly to medical
device systems for use during magnetic resonance im-
aging.

Background

[0002] Magnetic resonance imaging (MRI) can create
images of internal aspects of structures by using mag-
netic fields of various field strengths. When performing
MRI, sometimes it is desirable to enhance the visualiza-
tion of a particular aspect of a structure or an object within
a structure, for better signal-to-noise ratios in MRI imag-
es. For instance, sometimes it is desirable to enhance
the visualization of a medical device when performing an
MRI.
[0003] One way to enhance visualization when per-
forming MRI is to use a resonator device. An LC circuit
can form a basis for a resonator device. An LC circuit
with a fixed inductance and a fixed capacitance can res-
onate at a particular frequency. However, an MRI can
use magnetic fields with a range of field strengths to
cause material in a structure or an object to resonate
over a range of frequencies. Thus, a resonator device
with a fixed inductance and a fixed capacitance may not
resonate over a range of frequencies.
[0004] R. Venook et al. Describe in the article entitled
"Automatic Tuning of Flexible Interventional RF Receiver
Coils," published in Magnetic Resonance in Medicine,
vol. 54, pp. 983 to 993 in 2005 a microcontroller-based
circuitry for automatically tuning flexible RF receiver coils
at the touch of a button.
[0005] Document DE-A-101 27 850 discloses a reso-
nator system for use during magnetic resonance imag-
ing, comprising a gastroscope and a resonator circuit that
includes an inductor coil in series with an adjustable ca-
pacitance. The inductor coil surrounds a space that is
surrounded by a portion of the gastroscope. A matching
box is provided for adjusting the resonant frequency of
the resonator circuit.

Summary

[0006] The present invention relates to a resonator
system for use during magnetic resonance imaging ac-
cording to claim 1. Preferred embodiments are described
in dependent claims 2 to 5.

Brief Description of the Drawings

[0007] The illustrations provided in the Figures may
not be to scale.

Figure 1 illustrates an exemplary embodiment of an

MRI machine and a static magnetic field.
Figure 2A illustrates an exemplary embodiment of a
hydrogen proton in a static magnetic field of an MRI
machine.
Figure 2B illustrates an exemplary embodiment of a
radio frequency pulse in relation to a static magnetic
field of an MRI machine.
Figure 3A illustrates an embodiment of a resonator
device with an adjustable capacitance according to
the present disclosure.
Figure 3B illustrates another embodiment of a reso-
nator device with an adjustable capacitance accord-
ing to the present disclosure.
Figure 4A illustrates an embodiment of a resonator
system with a medical device according to the
present disclosure.
Figure 4B illustrates another embodiment of a reso-
nator system with a medical device according to the
present disclosure.
Figure 5 illustrates still another embodiment of a res-
onator system with a medical device according to
the present disclosure.

Detailed Description

[0008] The figures herein follow a numbering conven-
tion in which the first digit or digits correspond to the draw-
ing figure number and the remaining digits identify an
element or component in the drawing. Similar elements
or components between different figures may be identi-
fied by the use of similar digits. For example, 110 may
reference element "10" in Figure 1, and a similar element
may be referenced as 210 in Figure 2. As will be appre-
ciated, elements shown in the various embodiments
herein can be added, exchanged, and/or eliminated so
as to provide a number of additional embodiments. In
addition, discussion of features and/or attributes for an
element with respect to one figure can also apply to the
element shown in one or more additional figures.
[0009] Embodiments of the present disclosure are di-
rected to resonator systems. Generally, a resonator de-
vice can be used in conjunction with a medical device,
including a deliverable device, deliverable in a lumen of
a body. One embodiment of the present disclosure in-
cludes a resonator with an adjustable capacitance for a
medical device, which can enhance visualization when
performing MRI.
[0010] Figure 1 illustrates an exemplary embodiment
of an MRI machine and a static magnetic field. Figure 1
is intended to illustrate basic concepts of an MRI machine
and is not intended to show details of an MRI machine
or to illustrate a particular MRI machine. Figure 1 includes
an MRI scanner 110 with a coil 130 and terminals 120.
Figure 1 also includes static magnetic field lines 140 and
a magnetic field vector 150.
[0011] The MRI scanner 110 is a cylindrical tube. The
coil 130 is electrically conductive. The coil 130 begins at
one terminal 120, winds around the MRI scanner 110 in
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helical form, and ends at another terminal 120. Each ter-
minal 120 is connected to the coil 130 so that electrical
current can flow from the terminal 120 through the coil
130.
[0012] When electrical current flows through the coil
130 it can create a static magnetic field, which is repre-
sented by the static magnetic field lines 140. Each of the
static magnetic field lines 140 has a direction, which is
represented by arrows. The direction of the magnetic field
lines 140 can depend upon the direction in which elec-
trical current flows through the coil 130.
[0013] The static magnetic field also has a magnetic
field vector 150. The magnetic field vector 150 coincides
with a central axis of the MRI scanner 110. The magnetic
field vector 150 also has a direction which can depend
upon the direction in which electrical current flows
through the coil 130. In MRI, the static magnetic field can
cause hydrogen protons within the field to align with the
magnetic field vector 150. The magnetic field vector 150
can also serve as a reference direction when performing
MRI, as described in Figures 2A and 2B.
[0014] Figure 2A illustrates an exemplary embodiment
of a hydrogen proton in a static magnetic field of an MRI
machine. Figure 2A includes a magnetic field vector 250
and an illustration of a precessing hydrogen proton 230.
The magnetic field vector 250 corresponds with a static
magnetic field of an MRI machine, such as the static mag-
netic field of Figure 1. The illustration of the precessing
hydrogen proton 230 includes a hydrogen proton 238, a
spin direction 232, a reference arrow 234, and a refer-
ence circle 236.
[0015] The presence of the static magnetic field causes
the hydrogen proton 238 to precess in the spin direction
232. The hydrogen proton 238 precesses in the spin di-
rection 232 around an axis that is parallel to the magnetic
field vector 250. The reference arrow 234 indicates that
the precessing of the hydrogen proton 238 creates the
reference circle 236. The magnetic field vector 250 is
perpendicular to the reference circle 236.
[0016] Figure 2B illustrates an exemplary embodiment
of a radio-frequency pulse in relation to a static magnetic
field of an MRI machine. Figure 2B includes a magnetic
field vector 250, a transmitter coil 260, a radio frequency
(RF) pulse 270, an RF pulse magnetic field vector 280,
and an RF pulse electrical field vector 290. The magnetic
field vector 250 corresponds with a static magnetic field
of an MRI machine, such as the static magnetic field of
Figure 1. The transmitter coil 260 can be part of the MRI
machine and can create the RF pulse 270.
[0017] The RF pulse 270 can be an oscillating elec-
tro-magnetic field, propagating in a direction perpendic-
ular to the magnetic field vector 250. The RF pulse 270
includes the RF pulse magnetic field vector 280 and the
RF pulse electrical field vector 290. RF pulse magnetic
field vector 280 and the RF pulse electrical field vector
290 can be perpendicular to each other and perpendic-
ular to the direction in which the RF pulse 270 propa-
gates.

[0018] An MRI machine can create an RF pulse at a
certain frequency called the Larmor frequency. The Lar-
mor frequency is a frequency at which certain protons
resonate. The Larmor frequency differs for protons of dif-
ferent elements and for static magnetic fields of different
strengths. Many MRI machines create RF pulses for hy-
drogen protons, and this is assumed throughout this doc-
ument unless otherwise indicated. For hydrogen protons,
the Larmor frequency is 42.9 MHz for each Tesla of static
magnetic field strength.
[0019] Some MRI machines can create static magnetic
fields with a magnetic field strength ranging from 0.3
Teslas to 7.0 Teslas. Many MRI machines create static
magnetic fields with a magnetic field strength ranging
from 1.5 Teslas to 3.0 Teslas. Thus, MRI machines that
create static magnetic fields with a magnetic field
strength between 0.3 and 7.0 Teslas operate at Larmor
frequencies between 13 and 300 MHz. Similarly, MRI
machines that create static magnetic fields with a mag-
netic field strength between 1.5 and 3.0 Teslas operate
at Larmor frequencies between 64 and 129 MHz.
[0020] In MRI, a resonator device can enhance visu-
alization of images by resonating at the Larmor frequen-
cy. In some instances, a resonator device can enhance
visualization of images by resonating at a frequency
close to a Larmor frequency, depending on the frequency
response of the device. A resonator device based on an
LC circuit with a fixed inductance and a fixed capacitance
may not resonate over a range of frequencies. Addition-
ally, an inductance of an LC circuit may change under
certain conditions or may change in certain applications,
such as an inductor coil with a radius that changes when
used with an expandable stent. As examples, a resonator
device can be used with a balloon expandable stent or
a self-expandable stent. However, a resonator device
with an adjustable capacitance can resonate over a
range of frequencies, as described in Figures 3A and 3B.
[0021] Figure 3A illustrates an embodiment of a reso-
nator device with an adjustable capacitance according
to the present disclosure. In Figure 3A the resonator de-
vice 301 includes an inductor coil 304, connecting con-
ductors 306, and a circuit package 308. The connecting
conductors 306 are shown as broken lines to indicate
that the inductor coil 304 and the circuit package 308 as
shown, may have different scales. The sizes of elements
in the Figure 3A are merely illustrative and are not in-
tended to indicate any particular size or relationship in
size.
[0022] The inductor coil 304 is external to the circuit
package 308, in the resonator device 301. The circuit
package 308 encapsulates electrical components, in-
cluding sensors 310, an adjustable capacitance 320, and
an adjustable capacitance control 330. The inductor coil
304, the connecting conductors 306, at least a portion of
the adjustable capacitance 320, and at least a portion of
the adjustable capacitance control 330 together form an
LC resonator circuit. In the resonator device 301, the cir-
cuit package also encapsulates a processor 360, a mem-
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ory, 370, a power source 380, and a selector 390, which
relate to the LC resonator circuit, as described herein.
[0023] In the embodiment of Figure 3A, the adjustable
capacitance 320 can have different particular capaci-
tance values. The adjustable capacitance 320, as a
whole, is electrically in series with the inductor coil 304.
In other words, the inductor coil 304 and the adjustable
capacitance 320 respectively form L and C components
of the LC resonator circuit, as will be understood by one
of ordinary skill in the art. The adjustable capacitance
320 is electrically connected to the adjustable capaci-
tance control 330.
[0024] In the resonator device 301 of Figure 3A, the
processor 360 is connected to the LC resonator circuit
through the adjustable capacitance control 330. The
processor 360 executes logic and/or program instruc-
tions that allow it to perform functions, including a function
of adjusting the adjustable capacitance 320 by directing
the adjustable capacitance control 330. The processor
360 directs the adjustable capacitance control 330 to
control the adjustable capacitance 320 to obtain different
particular capacitance values. Since the processor 360
directs the adjustable capacitance control 330, in various
embodiments, the processor 360 can also be considered
as part of the adjustable capacitance control 330. The
processor 360 is also connected to the sensors 310. For
simplicity, Figure 3A does not show details of the sensors
310, the adjustable capacitance 320, or the adjustable
capacitance control 330. These details are described in
Figure 3B.
[0025] In the resonator device 301, the processor 360
is also connected to the memory 370, the power source
380, and the selector 390. The memory 370 can store
data which can be used by the processor 360. The proc-
essor 360 can communicate with the memory 370
through its connection to the memory 370. The power
source 380 can provide the processor 360 with electrical
power so the processor 360 can perform its functions,
as described in Figure 2. The selector 390 can be set to
different settings, which represent various user inputs,
as described herein.
[0026] The power source 380 can have different forms
in various embodiments. In one embodiment, the power
source 380 can generate electrical power from an elec-
tro-magnetic field. As examples, the power source 380
can be the inductor coil 304, another conducting coil, or
a secondary resonator circuit. In this embodiment, the
powering electro-magnetic field can be an RF pulse from
an MRI machine or some other field. In various embod-
iments, an RF pulse can provide power over longer dis-
tances. In one embodiment, the power source 380 can
be a battery or a rechargeable capacitor. In various em-
bodiments, the power source 380 can also generate elec-
trical power from an alternating magnetic field, such as
a field within a transformer, for powering by induction
over shorter distances.
[0027] In one embodiment, the processor 360 of Figure
3A automatically adjusts the adjustable capacitance 320

of the LC resonator circuit to a resonant capacitance, in
response to an RF pulse from an MRI machine. The proc-
essor 360 performs this automatic adjustment by deter-
mining a resonant capacitance and then adjusting the
adjustable capacitance 320 to the resonant capacitance.
As described herein, the resonant capacitance is a ca-
pacitance at which the LC resonator circuit will resonate
in response to the RF pulse, as will be understood by
one of ordinary skill in the art. The processor 360 directs
this adjustment in various ways by executing logic and/or
program instructions in response to known, sensed,
and/or calculated values, as described in Figure 3B.
[0028] A range of adjustable capacitance for an LC res-
onator circuit of a resonating device can be estimated,
based upon a potential range of MRI Larmor frequencies
of and an estimated range of inductor coil inductances.
A potential range of MRI Larmor frequencies can be de-
termined as described above. An estimated range of in-
ductor coil inductances can be estimated by mathemat-
ically modeling an ideal inductance coil.
[0029] An inductance for an ideal inductance coil can
be mathematically modeled by using an ideal inductor
formula. In that formula, L = (m * N2 * π * r2) / 1 where L
is inductance in Henries, m is a factor equal to 1.26 x 10-7

Henries per meter, N is a number of windings in an in-
ductor coil, r is a radius of the inductor coil in meters, and
1 is a length of the inductor coil in meters. For example,
the ideal inductor formula can be used to mathematically
model an inductance for an ideal inductor coil sized to
match various dimensions of a stent. In this example a
stent can range in radius from 0.001 meters to .005 me-
ters and in length from 0.008 meters to 0.07 meters. Also
in this example, an inductor can have 1 winding for every
0.001 meter of inductor length or 1 winding for every
0.002 meter of inductor length. Using these example
numbers for an ideal inductance coil yields an estimated
range of inductor coil inductances from 0.79 nanoHenries
to 0.69 microHenries.
[0030] A range of adjustable capacitance for an LC res-
onator circuit of a resonating device can be estimated,
based upon a potential range of MRI Larmor frequencies,
a potential range of inductor coil inductances and an LC
circuit resonance formula. In the LC circuit resonance
formula, f = 1 / (2 * π * √ (L *C ) ) where f is a resonant
frequency of the LC resonator circuit, L is an inductance
of the LC resonator circuit at the resonant frequency, and
C is the capacitance of the LC resonator circuit at the
resonant frequency. Since a potential range of MRI Lar-
mor frequencies can be determined and a range of in-
ductor coil inductances can be estimated, as described
herein, the LC circuit resonance formula can be solved
for a range of adjustable capacitance. As an example,
using a potential range of MRI Larmor frequencies from
13 to 300 MHz and a potential range of inductor coil in-
ductances from 0.79 nanoHenries to 0.69 microHenries
in the LC circuit resonance formula yields an estimated
range of adjustable capacitance from 0.41 picoFarads to
0.19 microFarads, which can be created as described in
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Figure 3B.
[0031] Figure 3B illustrates another embodiment of a
resonator device with an adjustable capacitance accord-
ing to the present disclosure. The embodiment of Figure
3B is a specific embodiment of Figure 3A and includes
elements corresponding with elements of the embodi-
ment of Figure 3A. In Figure 3B the resonator device 302
includes the inductor coil 304, the connecting conductors
306, and the circuit package 308. As with Figure 3A, the
sizes of elements in Figure 3B are merely illustrative and
are not intended to indicate any particular size or rela-
tionship of size.
[0032] The inductor coil 304 is external to the circuit
package 308, in the resonator device 302. The circuit
package 308 encapsulates electrical components, in-
cluding the sensors 310, the adjustable capacitance 320,
and the adjustable capacitance control 330. The inductor
coil 304, the connecting conductors 306, at least a portion
of the adjustable capacitance 320, and at least a portion
of the adjustable capacitance control 330 together form
an LC resonator circuit. The circuit package also encap-
sulates a processor 360, a memory, 370, a power source
380, and a selector 390, which relate to the LC resonator
circuit, as described herein.
[0033] In the resonator device 302 of Figure 3B, the
adjustable capacitance 320 includes a varactor 321, and
capacitors 322, 324, 326, and 329. The varactor 321,
and the capacitors 322, 324, 326, and 329 are electrically
connected parallel to each other. The adjustable capac-
itance 320 can have different particular capacitance val-
ues based on the capacitance value of the varactor 321,
the capacitance values of the capacitors 322, 324, 326,
and 329, and the adjustable capacitance control 330, as
described herein.
[0034] The adjustable capacitance 320, as a whole, is
electrically in series with the inductor coil 304. One side
of the inductor coil 304 is electrically connected to one
side of the adjustable capacitance 320 through one of
the connecting conductors 306. Another side of the in-
ductor coil 304 is electrically connected to another side
of the adjustable capacitance 320 through another of the
connecting conductors 306 and through the adjustable
capacitance control 330. Thus, while the varactor 321,
and the capacitors 322, 324, 326, and 329 are electrically
parallel to each other, the adjustable capacitance 320,
with its particular capacitance value, is electrically in se-
ries with the inductor coil 304. In other words, the inductor
coil 304 and the adjustable capacitance 320 respectively
form L and C components of the LC resonator circuit, as
will be understood by one of ordinary skill in the art. The
adjustable capacitance 320 is electrically connected to
the adjustable capacitance control 330.
[0035] In the resonator device 302, the adjustable ca-
pacitance control 330 includes a varactor controller 331,
and electrical switches 332, 334, 336, and 339. The var-
actor controller 331 controls an adjustable capacitance
of the varactor 321. Each of the electrical switches 332,
334, 336, and 339 has an open state and a closed state.

In the closed state, an electrical switch forms an electrical
connection that allows electrical current to flow through
that switch. In the open state, an electrical switch forms
an electrical break that prevents electrical current from
flowing through that switch. Each of the electrical switch-
es of Figure 3B is shown in the open state, so the loca-
tions of the switches can be clearly identified.
[0036] In the embodiment of Figure 3B, there is an elec-
trical switch for each of the capacitors 322, 324, 326, and
329. The electrical switches 332, 334, 336, and 339 cor-
respond with the capacitors 322, 324, 326, and 329.
Thus, each electrical switch can connect its correspond-
ing capacitor to the LC resonator circuit or disconnect its
corresponding capacitor from the LC resonator circuit,
depending on the state of the switch. For example, if the
electrical switch 332 is in its closed state, it connects the
capacitor 322 to the LC resonator circuit. Alternatively, if
the electrical switch 332 is in its open state, then the
capacitor 322 is disconnected from the LC resonator cir-
cuit. Since the capacitors 322, 324, 326, and 329 are
electrically parallel to each other, each electrical switch
can connect or disconnect its corresponding capacitor
individually. As a result, the adjustable capacitance 320,
as a whole, can be adjusted to different particular capac-
itance values depending on which capacitors are con-
nected to the LC resonator circuit. In the embodiment
shown, the LC resonator circuit is electrically connected
to some of the sensors 310.
[0037] In the resonator device 302 of Figure 3B, the
sensors 310 include a voltage sensor 312, a current sen-
sor 314, and a magnetic field strength sensor 316. In this
embodiment, some of the sensors 310 are electrically
connected to the LC resonator circuit and each of the
sensors 310 are connected to the processor 360. The
voltage sensor 312 is electrically connected across the
adjustable capacitance 312 and can sense an electrical
voltage differential across the adjustable capacitance
312. The voltage sensor 312 is also connected to the
processor 360 and can transmit a signal that represents
a sensed voltage through that connection to the proces-
sor 360. The current-sensor 314 is electrically connected
in line with a path of the LC resonator circuit and can
sense an electrical current flow through the path of the
LC resonator circuit. The current sensor 314 is also con-
nected to the processor 360 and can transmit a signal
that represents a sensed current through that connection
to the processor 360. The magnetic field strength sensor
316 can sense a magnetic field strength of a magnetic
field, such as a magnetic field strength of a static mag-
netic field from an MRI machine. The magnetic field
strength sensor 316 is also connected to the processor
360 and can transmit a signal that represents a sensed
magnetic field strength through that connection to the
processor 360.
[0038] In the embodiment of Figure 3B, the processor
360 is connected to the LC resonator circuit through the
adjustable capacitance control 330. The processor 360
can execute logic and/or program instructions that allow
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it to perform functions, including a function of adjusting
the adjustable capacitance 320 by directing the adjusta-
ble capacitance control 330. The processor 360 directs
the adjustable capacitance control 330 to control the ad-
justable capacitance 320 to obtain different particular ca-
pacitance values. Specifically, the processor 360 directs
the adjustable capacitance control 330 to open or close
particular electrical switches which connect or discon-
nect particular capacitors, to obtain different particular
capacitance values in the LC resonator circuit. Addition-
ally, the processor 360 directs the varactor controller 331
to control the adjustable capacitance of the varactor 321,
to obtain different particular capacitance values in the LC
resonator circuit. Since the processor 360 directs the ad-
justable capacitance control 330, in various embodi-
ments, the processor 360 can also be considered as part
of the adjustable capacitance control 330. For simplicity,
Figure 3B shows a connection between the processor
360 and the adjustable capacitance control 330, as a
whole, but does not show individual control connections
for elements of the adjustable capacitance control 330.
[0039] The processor 360 is also connected to the
memory 370, in the resonator device 302. The memory
370 can store data such as logic and/or program instruc-
tions and/or values. The processor 360 can transmit such
data to the memory 370 and receive such data from the
memory 370 through its connection to the memory 370.
The processor 360 can use data stored in the memory
370 to perform functions. For example, the memory 370
can store program instructions that the processor 360
can use to direct the adjustable capacitance control 330
to adjust the adjustable capacitance 320 of the LC res-
onator circuit to a resonant capacitance in a magnetic
field, as described herein. The memory 370 can store
values that represent signals that the processor 360 re-
ceives from one or more of the sensors 310. For example,
the memory 370 can store values that represent an elec-
trical voltage differential across the adjustable capaci-
tance 312, as sensed by the voltage sensor 312. The
memory 370 can also store known values, such as a
known inductance of the LC resonator circuit, including
an inductance of the inductor coil 304.
[0040] The processor 360 is also connected to the
power source 380 and the selector 390. The power
source 380 provides the processor 360 with electrical
power so the processor 360 can perform its functions,
as described in Figure 2. The selector 390 can be set to
different settings, which represent various user inputs,
as described herein. The processor 360 can detect the
different settings of the selector 390 through its connec-
tion to the selector 390.
[0041] The processor 360 of Figure 3B automatically
adjusts the adjustable capacitance 320 of the LC reso-
nator circuit to a resonant capacitance, in response to a
magnetic field strength from a magnetic field. The proc-
essor 360 performs this automatic adjustment by deter-
mining a resonant capacitance and then adjusting the
adjustable capacitance 320 to the resonant capacitance.

As described herein, the resonant capacitance is a ca-
pacitance at which the LC resonator circuit will resonate
in response to an RF pulse of an MRI machine, as will
be understood by one of ordinary skill in the art. The
processor 360 can adjust the adjustable capacitance 320
to the resonant capacitance by directing the adjustable
capacitance control 330 to change a number of the par-
allel capacitors 322, 324, 326, and 329 that are connect-
ed to the LC resonator circuit and/or to adjust a capaci-
tance of the varactor 321. The processor 360 directs this
adjustment in various ways by executing logic and/or pro-
gram instructions in response to known, sensed, and/or
calculated values.
[0042] The processor 360 can direct the adjustment of
the adjustable capacitance 320 of the LC resonator circuit
to a resonant capacitance by executing logic and/or pro-
gram instructions in response to sensed, and/or calcu-
lated values for a magnetic field strength of a magnetic
field and an inductance of the LC resonator circuit. Known
values can be provided to the processor 360 from the
memory 370, from the selector 390, or from directing the
adjustable capacitance 310 to adjust to a known capac-
itance. The magnetic field strength sensor 316 can sense
a magnetic field strength of a magnetic field, such as a
magnetic field strength of a static magnetic field from an
MRI machine. In various embodiments of the present dis-
closure, magnetic field strength values, inductance val-
ues, and capacitance values can be calculated as de-
scribed herein.
[0043] In one embodiment of Figure 3B, the processor
360 can execute logic and/or program instructions to di-
rect the adjustment of the adjustable capacitance 320 of
the LC resonator circuit to a resonant capacitance in re-
sponse to a sensed magnetic field strength and a known
inductance of the circuit. For example, if the processor
360 receives a signal from the magnetic field strength
sensor 316 that the particular magnetic field has a mag-
netic field strength of 1.5 Teslas then the processor 360
can use a Larmor frequency formula, as described here-
in, to determine that the particular magnetic field has a
Larmor frequency of 64 MHz. Further, in this example, if
the LC resonator circuit has a known inductance of 0.69
microHenries, which can be known, for example, based
on a known configuration of the inductor of the LC reso-
nator circuit, then the processor can use the LC circuit
resonance formula to determine that the resonant capac-
itance for that circuit is 8.9 picoFarads. Finally, in this
example, in response to the magnetic field strength of a
particular magnetic field and a known inductance of the
circuit the processor can then direct the adjustable ca-
pacitance control 330 to adjust the adjustable capaci-
tance 320 to 8.9 picoFarads.
[0044] The processor 360 can also direct the adjust-
ment of the adjustable capacitance 320 of the LC reso-
nator circuit to a resonant capacitance by executing logic
and/or program instructions in response to sensed volt-
ages across the adjustable capacitance 320 and/or
sensed currents through the resonator circuit, for partic-
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ular magnetic fields. For example, for a particular mag-
netic field, the processor 360 can direct the adjustable
capacitance 320 to adjust to a particular capacitance,
receive a signal from the voltage sensor 312 that repre-
sents a sensed voltage across the adjustable capaci-
tance 320, and repeat this adjusting and sensing to de-
termine a resonant capacitance at which a voltage across
the adjustable capacitance 320 is a maximum voltage
that can be obtained across the adjustable capacitance
320 in that particular magnetic field. In an alternative ex-
ample, the processor 360 can perform a similar adjusting
and sensing using a signal from the current sensor 314
to determine a resonant capacitance at a maximum cur-
rent that can be obtained through the resonator circuit in
a particular magnetic field. For these examples, the proc-
essor 360 can store sensed values in the memory 370,
as necessary. The processor 360 can also repeat the
adjusting of the adjustable capacitance 320 by adjusting
through all possible capacitance values, by performing
a bracketing approach, or by using some other technique.
[0045] In various embodiments of the present disclo-
sure, a resonant capacitance for the LC resonator circuit
of the resonator device 302 of Figure 3B can be deter-
mined in other ways. In one embodiment, the adjustable
capacitance 320 can be adjusted to a known capaci-
tance, an inductance of the LC resonator circuit can be
calculated, and a resonant capacitance for the LC reso-
nator circuit can also be calculated, based on a sensed
magnetic field strength and the calculated inductance.
The inductance of the LC resonator circuit can be calcu-
lated by using various general circuitry formulas such as
Kirchoff’s voltage law, Kirchoff’s current law, and other
defined relationships for resistance, reactance, imped-
ance, and frequency response for LC circuits, as will be
understood by one of ordinary skill in the art. In another
embodiment, a resonant capacitance for the LC resona-
tor circuit can be determined from a frequency response
of the LC resonator circuit as sensed by the voltage sen-
sor 312, the current sensor 314, and/or another type of
sensor.
[0046] Various embodiments of the inductor coil 304
of the resonator device 302 of Figure 3B can be made
as described herein. In one embodiment, the inductor
coil 304 can be a commercially available inductor coil
with a number of windings, a radius, and a length chosen
to suit a particular application. In another embodiment,
the inductor coil 304 can be fabricated from a flexible
conductive material, such as copper or a copper alloy,
with an adjustable radius, such as a radius that can in-
crease when used with an expandable stent. In various
other embodiments of Figure 3B, more than one inductor
coil can be used in the LC resonator circuit. In an alternate
embodiment of the present disclosure, a core inductor
can be used in place of an inductor coil.
[0047] Various embodiments of the adjustable capac-
itance 320 of the resonator device 302 of Figure 3B can
also be made as described herein. In one embodiment,
the adjustable capacitance 320 can include the varactor

320, which is sized to have a range similar to a lower end
of a range of estimated adjustable capacitance. For ex-
ample, if a lower end of a range of estimated adjustable
capacitance is 0.41 picoFarads, as described in Figure
3A, then the varactor 320 can have a capacitance range
of 1 picoFarad.
[0048] In various embodiments of the resonator device
302, capacitors in the adjustable capacitance 320 can
be of increasing size, to provide for a continuous range
of possible capacitance. For example, in one embodi-
ment of the present disclosure, the adjustable capaci-
tance 320 can include a varactor with a 1 picoFarad ad-
justable capacitance, and capacitors with values of 1, 2,
4, 8, 16, 32, 64, 128, 256, 512, 1012, 2048, and 4096
picoFarads. Using combinations of capacitors in this ex-
ample can provide adjustable capacitance values from
zero Farads to 8.2 nanoFarads, which is a sufficient
range to provide resonant capacitance in a resonator de-
vice for MRI from 1.5 to 3.0 Teslas and inductor coil in-
ductances from 0.79 nanoHenries to 0.69 microHenries,
as described herein. In various embodiments, the adjust-
able capacitance 320 can also include various other com-
binations of capacitors. Although the embodiment of Fig-
ure 3B shows one varactor and four capacitors in parallel,
other numbers of varactors and/or capacitors can be
used, in various embodiments of the present disclosure.
Additionally, resistors and other electrical components
can be added to the LC resonator circuit of the resonator
device 302 to provide different resonant frequency re-
sponses, as will be understood by one of ordinary skill in
the art.
[0049] Figure 4A illustrates an embodiment of a reso-
nator system with a medical device according to the
present disclosure. The system embodiment of Figure
4A includes a stent 402, and a resonator device including
an inductor coil 404, connecting conductors 406 and a
circuit package 408. In the embodiment shown in Figure
at the inductor coil 404 surrounds the stent 402 and ex-
tends beyond both ends of the stent 402. In various em-
bodiments, the inductor coil 404 can relate to an implant-
able medical device, such as the stent 404, in various
ways. In one embodiment, a portion of the inductor coil
404 can surround a space that is surrounded by at least
a portion of a medical device. For example, a portion of
the inductor coil 404 can surround a portion of a pas-
sageway of a stent. In another embodiment, a portion of
the inductor coil 404 can surround the medical device.
[0050] As in Figures 3A and 3B, electrical components
encapsulated by the circuit package 408 include sensors,
an adjustable capacitance, an adjustable capacitance
control, a processor, a memory, a power source, and a
selector. The inductor coil 404, the connecting conduc-
tors 406, at least a portion of the adjustable capacitance,
and a portion of the adjustable capacitance control to-
gether form an LC resonator circuit. In this embodiment,
the processor automatically adjusts the adjustable ca-
pacitance of the LC resonator circuit to a resonant ca-
pacitance, in response to a magnetic field strength, as

11 12 



EP 1 946 136 B1

8

5

10

15

20

25

30

35

40

45

50

55

described in Figures 3A and 3B. Thus, the system em-
bodiment of Figure 4A can resonate over a range of MRI
frequencies, enhancing the visualization of the stent 402,
when performing MRI.
[0051] Figure 4B illustrates another embodiment of a
resonator system with a medical device according to the
present disclosure. The system embodiment of Figure
4B includes a stent with a meandering coil 422, connect-
ing conductors 426 and a circuit package 428. As in Fig-
ures 3A and 3B, electrical components encapsulated by
the circuit package 428 include sensors, an adjustable
capacitance, an adjustable capacitance control, a proc-
essor, a memory, a power source, and a selector. The
meandering coil of the stent 422, the connecting conduc-
tors 406, at least a portion of the adjustable capacitance,
and a portion of the adjustable capacitance control to-
gether form an LC resonator circuit, with the meandering
coil of the stent 422 forming the L component of the LC
resonator circuit. In this embodiment, the processor au-
tomatically adjusts the adjustable capacitance of the LC
resonator circuit to a resonant capacitance, in response
to a magnetic field strength, as described in Figures 3A
and 3B. Thus, the system embodiment of Figure 4A can
resonate over a range of MRI frequencies and stent di-
ameters, enhancing the visualization of the stent 422,
when performing MRI. Similarly, a resonator system can
be made with other implantable medical devices such as
a graft, a shunt, and a vena cava filter, as will be under-
stood by one of ordinary skill in the art.
[0052] Figure 5 illustrates another embodiment of a
resonator system with a medical device according to the
present disclosure. The resonator system 500 of Figure
5 includes an inductor coil 504, connecting conductors
506 and a circuit package 508. As in Figures 3A and 3B,
electrical components encapsulated by the circuit pack-
age 508 include sensors, an adjustable capacitance, an
adjustable capacitance control, a processor, a memory,
a power source, and a selector. The inductor coil 504,
the connecting conductors 506, a portion of the adjusta-
ble capacitance, and a portion of the adjustable capaci-
tance control together form an LC resonator circuit. In
this embodiment, the processor automatically adjusts the
adjustable capacitance of the LC resonator circuit to a
resonant capacitance, in response to a magnetic field
strength magnetic field, as described in Figures 3A and
3B. Thus, the system embodiment of Figure 5 can reso-
nate over a range of MRI frequencies, enhancing the
visualization of a distal end 580 of a catheter 574, when
performing MRI.
[0053] Figure 5 also illustrates the catheter 574 with
an elongate body 576, an inflatable balloon 578 posi-
tioned adjacent the distal end 580, and a lumen 582 lon-
gitudinally extending in the elongate body 576 of the cath-
eter 574 from the inflatable balloon 578 to a proximal end
584. The catheter 574 can further include a guidewire
lumen 586 to receive a guidewire 588. The inflatable bal-
loon 578 can be inflated through the use of an inflation
pump 590 that can releasably couple to a lumen 582. In

various embodiments, the inductor coil 504 can placed
inside a temporarily implantable medical device, such as
the catheter 574, in various ways. In one embodiment,
the inductor coil 504 can be connected to a temporarily
implantable medical device. The resonator system 500
of Figure 5 can be used with various temporarily implant-
able medical devices, such as a guiding catheter, a guid-
ing wire, a catheter for stent delivery, or a catheter for
dilation without a stent.
[0054] As discussed herein, embodiments of a reso-
nator device or system can also be implanted into a body.
As will be understood by one of ordinary skill in the art,
a variety of procedures can be used to implant an em-
bodiment of a resonator device or system with an im-
plantable medical device. For example, certain embodi-
ments of a resonator device can be implanted adjacent
to a stent that has already been implanted in a body.
Alternatively, both a stent and certain embodiments of a
resonator device can be implanted simultaneously. For
example, both a stent and a resonator device could be
loaded onto a catheter (e.g., a balloon catheter) for im-
planting in a body. In various embodiments of the present
disclosure a medical device can be a deliverable device,
deliverable in a lumen of a body.
[0055] In the foregoing Detailed Description, various
features are grouped together in several embodiments
for the purpose of streamlining the disclosure. This meth-
od of disclosure is not to be interpreted as reflecting an
intention that the embodiments of the disclosure require
more features than are expressly recited in each claim.
Rather, as the following claims reflect, inventive subject
matter lies in less than all features of a single disclosed
embodiment. Thus, other embodiments are equally pos-
sible within the scope of the present invention, as defined
by the appended claims.

Claims

1. A resonator system (302; 500) for use during mag-
netic resonance imaging, comprising:

a resonator circuit that includes an inductor coil
(304; 404; 504) in series with an adjustable ca-
pacitance (320);
a magnetic field strength sensor (316) config-
ured to sense a magnetic field strength of a static
magnetic field of a magnetic resonance imaging
machine;
an adjustable capacitance control (330) config-
ured to automatically adjust the adjustable ca-
pacitance (320) to a resonant capacitance in re-
sponse to magnetic fields of different strength,
wherein a resonant capacitance is a capaci-
tance of the adjustable capacitance (320) at
which the resonator circuit resonates in re-
sponse to a radio-frequency pulse of the mag-
netic resonance imaging machine at a Larmor
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frequency of a predetermined nucleus corre-
sponding to the static magnetic field of the mag-
netic resonance imaging machine;
a processor (360) connected to the magnetic
field strength sensor (316) and the resonator cir-
cuit,
wherein the processor (360) is configured to:

determine a resonant capacitance of the
resonator circuit at the Larmor frequency of
said predetermined nucleus corresponding
to the static magnetic field of the magnetic
resonance imaging machine based on the
sensed magnetic field strength; and
direct the adjustable capacitance control
(330) to automatically adjust the adjustable
capacitance (320) of the resonator circuit to
the resonant capacitance;

a power source (380) connected to the proces-
sor (380) to provide the processor (360) with
electrical power; and
an implantable medical device (402; 422; 574),
wherein at least a portion of the implantable
medical device (402; 422; 574) is surrounded
by the inductor coil (304; 404; 504); or
wherein a portion of the inductor coil (404) sur-
rounds a space that is surrounded by at least a
portion of the implantable medical device (402).

2. The resonator system of claim 1, including a selector
(390) configured to adjust the adjustable capaci-
tance (320) by changing a number of parallel capac-
itors (321; 322; 324; 326; 329) that are connected to
the resonator circuit.

3. The resonator system of claim 1, wherein: the ad-
justable capacitance (320) includes capacitors (321;
322; 324; 326; 329) that are:

in parallel; and
connectable to the resonator circuit; and
the adjustable capacitance control (330) is con-
figured to automatically adjust the adjustable ca-
pacitance (320) by changing a number of the
parallel capacitors (321; 322; 324; 326; 329) that
are connected to the resonator circuit.

4. The resonator system of claim 3, wherein: the ad-
justable capacitance includes a varactor (321) that
is:

parallel to the parallel capacitors (321; 322; 324;
326; 329); and connectable to the resonator cir-
cuit; and
the adjustable capacitance control (330) is con-
figured to automatically adjust the adjustable ca-
pacitance (320) by adjusting a capacitance of

the varactor (321).

5. The resonator system of any of claims 1-4, wherein
the power source (380) includes an element selected
from the group including: a battery; a capacitor; and
a secondary resonator circuit.

Patentansprüche

1. Resonatorsystem (302; 500) für die Verwendung
während einer Magnetresonanztomographie, um-
fassend:

eine Resonatorschaltung, die eine Induktions-
spule (304; 404; 504) in Reihe geschaltet mit
einer einstellbaren Kapazität (320) beinhaltet;
einen Magnetfeldstärkensensor (316), der aus-
gelegt ist, um eine Magnetfeldstärke eines sta-
tischen Magnetfelds eines Magnetresonanz-
Tomographen abzutasten;
eine einstellbare Kapazitätssteuerung (330),
ausgelegt, um die einstellbare Kapazität (320)
automatisch auf eine Resonanzkapazität einzu-
stellen in Antwort auf Magnetfelder unterschied-
licher Stärke,
wobei eine Resonanzkapazität eine Kapazität
der einstellbaren Kapazität (320) ist bei der die
Resonatorschaltung in Antwort auf einen Hoch-
frequenzpuls des Magnetresonanz-Tomogra-
phen mit einer Larmor-Frequenz eines be-
stimmten Kerns schwingt, die dem statischen
Magnetfeld des Magnetresonanz-Tomogra-
phen entspricht;
einen Prozessor (360), der mit dem Magnetfeld-
stärkensensor (316) und der Resonatorschal-
tung verbunden ist;
wobei der Prozessor (360) ausgelegt ist um:

eine Resonatorfrequenz der Resonator-
schaltung mit der Larmor-Frequenz des be-
stimmten Kerns zu bestimmen, die dem sta-
tischen Magnetfeld des Magnetresonanz-
Tomographen entspricht,
basierend auf der abgetasteten Magnet-
feldstärke; und
die einstellbare Kapazitätssteuerung (330)
anzuweisen automatisch die einstellbare
Kapazität (320) der Resonatorschaltung
auf die
Resonanzkapazität einzustellen;

eine Leistungsquelle (380), die mit dem Prozes-
sor (360) verbunden ist, um den Prozessor (360)
mit elektrischer Leistung zu versorgen; und
eine implantierbare medizinische Vorrichtung
(402; 422; 574),
wobei zumindest ein Teil der implantierbaren
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medizinischen Vorrichtung (402; 422; 574) von
der Induktionsspule (304; 404; 504) umgeben
ist; oder wobei ein Teil der Induktionsspule (404)
einen Raum umgibt, der von zumindest einem
Teil der implantierbaren medizinischen Vorrich-
tung (402) umgeben wird.

2. Resonatorsystem nach Anspruch 1, beinhaltend ei-
nen Selektor (390), ausgelegt um die einstellbare
Kapazität (320) durch Ändern einer Anzahl parallel
geschalteter Kondensatoren (321; 322; 324; 326;
329), die mit der Resonatorschaltung verbunden
sind, einzustellen.

3. Resonatorsystem nach Anspruch 1, wobei: die ein-
stellbare Kapazität (320) Kondensatoren (321; 322;
324; 326; 329) beinhaltet, die:

parallel geschaltet sind; und
mit der Resonatorschaltung verbindbar sind;
und
wobei die einstellbare Kapazitätssteuerung
(330) ausgelegt ist, die einstellbare Kapazität
(320) automatisch einzustellen, durch Ändern
einer Anzahl der parallel geschalteten Konden-
satoren (321; 322; 324; 326; 329),
die mit der Resonatorschaltung verbunden sind.

4. Resonatorsystem nach Anspruch 3, wobei: die ein-
stellbare Kapazität einen Varactor (321) beinhaltet,
der:

parallel zu den parallel geschalteten Kondensa-
toren (321; 322; 324; 326; 329) geschaltet ist;
und mit der Resonatorschaltung verbindbar ist;
und wobei die einstellbare Kapazitätssteuerung
(330) ausgelegt ist, die einstellbare Kapazität
(320) automatisch einzustellen, durch Einstel-
len einer Kapazität des Varactors (321).

5. Resonatorsystem nach irgendeinem der Ansprüche
1-4, wobei die Leistungsquelle (380) ein Element be-
inhaltet, ausgewählt aus der Gruppe beinhaltend: ei-
ne Batterie; einen Kondensator; und eine zweite Re-
sonatorschaltung.

Revendications

1. Système de résonateur (302 ; 500) destiné à être
utilisé au cours d’une imagerie par résonnance ma-
gnétique, comprenant :

un circuit résonnant qui comprend une bobine
d’induction (304 ; 404 ; 504) en série avec une
capacité réglable (320) ;
un capteur d’intensité de champ magnétique
(316) configuré pour détecter une intensité de

champ magnétique d’un champ magnétique
statique d’une machine d’imagerie par réson-
nance magnétique ;
une commande de capacité réglable (330) con-
figurée pour régler automatiquement la capacité
réglable (320) à une capacité de résonnance en
réponse à des champs magnétiques de diffé-
rentes intensités,
où une capacité résonnante est une capacité de
la capacité réglable (320) à laquelle le circuit
résonnant résonne en réponse à une impulsion
radiofréquence de la machine d’imagerie par ré-
sonnance magnétique à une fréquence de Lar-
mor d’un noyau prédéterminé correspondant au
champ magnétique statique de la machine
d’imagerie par résonnance magnétique ;
un processeur (360) connecté au capteur d’in-
tensité de champ magnétique (316) et au circuit
résonnant,
où le processeur (360) est configuré pour :

déterminer une capacité de résonance du
circuit résonnant à la fréquence de Larmor
dudit noyau prédéterminé correspondant
au champ magnétique statique de la machi-
ne d’imagerie par résonnance magnétique
sur la base de l’intensité du champ magné-
tique détectée ; et
diriger la commande de capacité réglable
(330) pour régler automatiquement la capa-
cité réglable (320) du circuit résonnant à la
capacité de résonnance ;
une source d’alimentation (380) connectée
au processeur (380) pour délivrer au pro-
cesseur (360) une alimentation électrique ;
et
un dispositif médical implantable (402 ;
422 ; 574),
où au moins une partie du dispositif médical
implantable (402 ; 422 ; 574) est entouré
par la bobine d’induction (304 ; 404 ; 504) ;
ou
où une partie de la bobine d’induction (404)
entoure un espace qui est entouré par au
moins une partie du dispositif médical im-
plantable (402).

2. Système de résonateur selon la revendication 1,
comprenant un sélecteur (390) configuré pour régler
la capacité réglable (320) en changeant un certain
nombre de condensateurs montés en parallèle
(321 ; 322 ; 324 ; 326 ; 329) qui sont connectés au
circuit résonant.

3. Système de résonateur selon la revendication 1,
dans lequel la capacité réglable (320) comprend des
condensateurs (321 ; 322 ; 324 ; 326 ; 329) qui sont :
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montés en parallèle ; et
connectables au circuit résonant ; et
la commande de capacité ajustable (330) est
configurée pour régler automatiquement la ca-
pacité réglable (320) en changeant un certain
nombre de condensateurs montés en parallèle
(321 ; 322 ; 324 ; 326 ; 329) qui sont connectés
au circuit résonant.

4. Système de résonateur selon la revendication 3,
dans lequel la capacité réglable comprend un varac-
teur (321) qui est :

parallèle aux condensateurs montés en paral-
lèle (321 ; 322 ; 324 ; 326 ; 329) ; et connectable
au circuit résonnant ; et
la commande de capacité réglable (330) est
configurée pour régler automatiquement la ca-
pacité réglable (320) en réglant une capacité du
varacteur (321).

5. Système de résonateur selon l’une quelconque des
revendications 1 à 4, dans lequel la source d’alimen-
tation (380) comprend un élément du groupe
comprenant : une batterie, un condensateur et un
circuit résonnant secondaire.
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